2 ) radiation. After 20 min, cells were harvested, whole-cell lysates were prepared, and samples containing 300 g protein were incubated for 3 hr with the indicated GST-IB␣ fusion proteins immobilized to GSH-agarose beads. After washing, a solid-phase kinase assay was performed. For GST-IB␣(6m), the kinase reaction was repeated in the presence of a small amount of recombinant IKK␤. The phosphorylated GST-IB␣ proteins were resolved by SDS-PAGE. The gel was stained with Coomassie brilliant blue (CBB), dried, and subjected to autoradiography (KA). (C) The UV-activated kinase phosphorylates IB␣ at C-terminal sites. Phosphorylated GST-IB␣(WT) was separated by SDS-PAGE and transferred to a PVDF membrane. After autoradiography, a portion of the membrane containing the phosphorylated protein was cut, the phosphopeptide was eluted, digested with CNBr, and separated on a Tristricine gel. The phosphopeptides were detected by autoradiography. The 4.4 kDa band corresponds in size to the CNBr fragment from amino acid 280 to the C terminus (amino acid 317). radation by UV does not involve phosphorylation of seramino acids 278 and 317 may harbor both the phosphorylation site(s) and the docking site (see below) for the ines 32 and 36, nor IKK activation (Bender et al., 1998 ; Li and Karin, 1998). To identify a protein kinase that UV-activated kinase. This possibility is consistent with an earlier report that residues between 277 and 287 of phosphorylates IB␣ in response to UV irradiation and may therefore trigger its degradation, we employed the IB␣ are required for its UV-induced degradation (Bender et al., 1998). solid-phase kinase assay, previously used to identify JNK as the UV-activated kinase that targets c-Jun (Hibi The same region of IB␣ was also reported to contain CK2 phosphorylation sites (Lin et al., 1996; McElhinny et al., 1993) . Full-length human IB␣ coding region (Figure 1A) was fused to the bacterial glutathione S-transet al., 1996; Schwarz et al., 1996) . To examine whether the CK2 phosphorylation sites are the ones recognized ferase (GST) coding region, and the resultant fusion protein was produced in E. coli and immobilized on by the UV-responsive protein kinase, we generated a GST-IB␣ fusion protein harboring alanine substitutions glutathione (GSH)-agarose beads to generate an affinity matrix. HeLa cells were either mock treated or UV irradiat all six possible CK2 target sites (designated as 6m) and used it as a substrate in the solid-phase kinase ated with a dose of 20 J/m 2 and harvested 20 min later to prepare whole-cell lysates. The affinity matrix was assay. The six alanine substitution mutation completely abolished UV-induced phosphorylation of IB␣ but had incubated with these lysates, washed, and the kinase reaction was carried out on the beads. A UV-activated no effect on its phosphorylation by IKK␤ ( Figure 1B ). To confirm that the C-terminal region (amino acids 278-317) protein kinase that bound to and phosphorylated the full-length IB␣ polypeptide was detected ( Figure 1B) . of IB␣ does indeed contain the phosphoacceptor sites for the UV-activated kinase, we subjected full-length To obtain more information about this kinase, and identify the region of IB␣ it interacts with, we constructed IB␣ that was phosphorylated by the kinase present in the UV-irradiated cell extract to phosphopeptide map-GST-fusion proteins containing residues 1-54 and 1-277 of IB␣. Neither GST-IB␣(1-54) nor GST-IB␣(1-277) ping. The phosphorylated protein was digested with cyanogen bromide (CNBr), and the resultant peptides were were phosphorylated after incubation with lysates of either nonirradiated or UV-irradiated cells ( Figure 1B) . separated on a Tris-tricine gel. A single phosphopeptide of about 4.4 kDa was detected ( Figure 1C ). The size of These results suggest that the region of IB␣ between scribed above. The only peptide whose phosphorylation was clearly increased in response to UV irradiation was the 4.4 kDa peptide that contains the C-terminal sites ( Figure 2B ).
The UV-Activated IB␣ Kinase Contains the CK2␤ Subunit The results described above strongly suggest that the UV-responsive kinase phosphorylates IB␣ at the same C-terminal sites that are phosphorylated by CK2 or a subset thereof. To characterize the docking site for this kinase in the IB␣ polypeptide in more detail, lysates prepared from mock-treated or UV-irradiated cells were incubated with different GST-IB␣ fusion proteins immobilized on GSH-agarose beads, and the solid-phase kinase assays were repeated. This time we have also collected the supernatants in addition to the beadbound fraction and subjected them to immunecomplex kinase assay with an anti-CK2␤ antibody (see below). As shown in Figure 3A , incubation with either GST beads or GST-IB␣(1-277) beads did not remove CK2 activity from the lysate, indicating that the docking site is not present in the first 277 amino acids of IB␣. On the other hand, incubation with either GST-IB␣(WT), GST-IB␣(6m), or GST-IB␣(241-317) beads resulted in nearly complete removal of UV-induced IB␣ kinase activity from the cell lysates. Thus, the docking site for the UVactivated kinase that phosphorylates IB␣ is located . This experiment revealed that CK2 phosphorylated IB␣ and that its specific activity was and 2.7 kDa and two fragments of less than 1 kDa. To confirm that the sites recognized by the UV-activated increased up to 5-fold within 15 min of UV exposure ( Figure 3C ). Furthermore, doses of UVC as low as 5 J/m 2 kinase are also phosphorylated more extensively in UVirradiated cells, we conducted in vivo labeling experiwere sufficient for substantial stimulation of CK2 activity toward IB␣. We also examined CK2 kinase activity toments. HeLa cells were labeled with 32 P and IB␣ was isolated either before or at different time points after ward GST-IB␣(6m), which harbors alanine substitutions at the CK2 phosphoacceptor sites. As shown in UV irradiation. As shown in Figure 2A , UV irradiation increased the overall level of IB␣ phosphorylation. To Figure 3D , the mutant substrate was no longer phosphorylated by CK2 isolated from UV-irradiated cell lydetermine whether the sites responsible for the increased labeling of IB␣ are indeed the C-terminal sites, sates, but was still phosphorylated by recombinant IKK␤, which uses serines 32 and 36 as phosphoacceptor the isolated 32 P-labeled IB␣ polypeptides from nonirradiated and UV-irradiated cells were digested with CNBr sites. In addition, we have shown that incubation of UVirradiated cell lysates with GST-IB␣ fusion proteins that and subjected to phosphopeptide mapping as de- incubated for up to 4 hr in the presence of cycloheximide to inhibit de novo protein synthesis. Cells were harThe CK2 Phosphorylation Sites Are Required for UVInduced IB␣ Degradation vested at the indicated time points and lysates were prepared. We examined the level of IB␣ by immuTo further investigate whether IB␣ phosphorylation by CK2 is essential for its UV-induced degradation, we renoblotting, and quantitated it by densitometry. As shown in Figure 5B , WT IB␣ was considerably less stable than constituted fibroblasts derived from IB␣ knockout mice we examined the short-term effect of UVC irradiation on IB␣ Ϫ/Ϫ cells reconstituted with either WT IB␣ or the 5m mutant thereof. As shown in Figure 6B , knockout cells reconstituted with IB␣(5m) were more sensitive to UV than those with reconstituted with the WT protein.
To further examine the UV-protective function of CK2-induced IB␣ degradation, we performed long-term clonogenic survival assays, in which the number of colonies formed by UV-irradiated cells is determined 2-3 weeks after UV exposure. Again, knockout cells reconstituted with IB␣(5m) were found to be more sensitive to UV irradiation than those reconstituted with WT IB␣ ( Figure  6B ). Thus, UV-induced IB␣ degradation, which depends on its phosphorylation by CK2, protects cells against UV-induced cell death. It should be noted, however, that the protective effect of NF-B was diminished at higher doses of UVC radiation (above 20 J/m 2 ), which cause much more extensive cell death (data not shown).
UV-Induced CK2 Activation Is Dependent on p38␣ MAPK Recently, it was described that activation of CK2 by various stresses other than UV irradiation depends on activation of p38 MAPK, which acts as an allosteric regulator of CK2 (Sayed et al., 2000) . We investigated whether UV-induced CK2 activation involves a similar mechanism. Indeed, we found that incubation of HeLa despite the discovery of IKK and elucidation of its role in and NF-B activation, but are dispensable for TNF␣ responsiveness. Second, CK2 interacts with a docking NF-B activation, the mechanism by which UV radiation results in NF-B activation remained enigmatic. Here site present within the C-terminal portion of IB␣, and it is possible to use this interaction to isolate the UV we show that UVC radiation leads to activation of a signaling pathway, distinct from the IKK pathway, which activated IB␣ kinase. Third, CK2's ability to phosphorylate IB␣ at these C-terminal sites is strongly enhanced induces IB␣ degradation in a manner dependent on phosphorylation of a cluster of C-terminal sites. The in response to UV radiation. Fourth, both the UV-induced degradation of IB␣ and the activation of CK2 by UV kinase that phosphorylates these sites is CK2. The evidence implicating CK2 as the UV-activated kinase reare dependent on p38 activity. Fifth, a knockdown of the CK2␤ subunit abrogates UV-induced IB␣ degradation. sponsible for NF-B activation rests on several findings. First, the C-terminal phosphorylation sites recognized For many years, CK2 was thought to be a constitutively active protein kinase in search of a specific physioby CK2 are required for UV-induced IB␣ degradation enzyme. Interestingly, the antiapoptotic function of CK2 that is mediated through NF-B activation is most obvishown to be activated by a variety of other stressors, such as anisomycin and arsenite, a response found to ous at low, physiologically relevant doses of UV radiation. At moderate to high doses of UV radiation, which be inhibited by p38 inhibitors (Sayed et al., 2000) . Our results extend these findings and establish p38␣ and cause extensive DNA damage, this protective function 
